ABSTRACT Long-term persistence of species characterized by a reduced effective population size is still a matter of debate that would benefit from the description of new relevant biological models. The island endemic specialist Drosophila sechellia has received considerable attention in evolutionary genetic studies. On the basis of the analysis of a limited number of strains, a handful of studies have reported a strikingly depleted level of genetic variation but little is known about its demographic history. We extended analyses of nucleotide polymorphism in D. sechellia to a species-wide level using 10 nuclear genes sequenced in 10 populations. We confirmed that D. sechellia exhibits little nucleotide-sequence variation. It is characterized by a low effective population size, .10-fold lower than that of D. simulans, which ranks D. sechellia as the least genetically diverse Drosophila species. No obvious population subdivision was detected despite its fragmented geographic distribution on different islands. We used approximate Bayesian computation (ABC) to test for demographic scenarios compatible with the geological history of the Seychelles and the ecology of D. sechellia. We found that while bottlenecks cannot account for the pattern of molecular evolution observed in this species, scenarios close to the null hypothesis of a constant population size are well supported. We discuss these findings with regard to adaptive features specific to D. sechellia and its lifehistory strategy.
P
ATTERNS of nucleotide variation are shaped by the evolutionary and demographic history of species. Considerable research has focused on detecting adaptive evolution from polymorphism data in a large number of organisms, including Drosophila (Baines et al. 2004; Tenaillon et al. 2004; Schmid et al. 2005; Heuertz et al. 2006) . Among Drosophila, most evolutionary studies aiming at understanding species demography and selective history have been undertaken in the model species Drosophila melanogaster and its close relative D. simulans (Wall et al. 2002; Orengo and Aguade 2004; Dumont and Aquadro 2005; Li and Stephan 2006) . The latter species and its endemic siblings, D. sechellia and D. mauritiana, have already proven a useful and major model system for evolutionary genetic studies related to speciation (Sawamura et al. 1993; Coyne and Orr 1998; Gleason et al. 2005; Haerty and Singh 2006) . However, demographic studies on large samples are simply missing in the two endemic species, although there is an increasing number of examples revealing complex demographic histories in many Drosophila species (Haddrill et al. 2005; Bachtrog and Andolfatto 2006; Baudry et al. 2006; Pool et al. 2006) . D. sechellia, endemic to the Seychelles archipelago, has drawn much attention since its discovery in 1980 (Tsacas and Bächli 1981) . The species, among the youngest of the melanogaster subgroup, is estimated to have originated $250,000-500,000 years ago (Kliman et al. 2000; McDermott and Kliman 2008 ). This species is one of the few Drosophila species to have a well-defined ecology. It breeds exclusively on the ripe fruits of the Rubiaceae Morinda citrifolia (Lachaise and Silvain 2004; Cariou et al. 2009 ) and is the only one among the four species of the melanogaster complex to resist the volatile lethal components of Morinda fruit (R'kha et al. 1991; Farine et al. 1996) . Genomic regions involved in the genetic determinism of this adaptation have been localized (Jones 1998; Jones 2005) ; they include the olfactory receptors (Stensmyr et al. 2003; Dekker et al. 2006) and two odorant binding proteins responsible for the loss of avoidance to Morinda (Matsuo et al. 2007) .
D. sechellia is characterized by an overall depleted level of genetic diversity (Cariou et al. 1990; Hey and Kliman 1993; Kliman and Hey 1993; Kliman et al. 2000; Morton et al. 2004) , which was first attributed to a strong founder effect at the origin of the species with a persistent small population size (Cariou et al. 1990; Kliman and Hey 1993) . However those previous studies suffer from two major limitations. First they have relied on a too-restricted number of Drosophila strains to be conclusive. A species-wide sample (multiple strains from multiple populations) may reveal a strong population structure resulting in biases when the sample is limited to a single population. Second, a number of alternative scenarios may account for the observed pattern of depleted genetic variation including (i) a host specialization to M. citrifolia at the time of speciation; (ii) a recent shift from a primary endemic host to M. citrifolia, following its introduction to Seychelles with the establishment of human settlements as recently as 300 years ago (Lachaise and Silvain 2004) ; and (iii) a bottleneck accompanying the Holocene marine transgression 10,000 years ago resulting in a 600-fold reduction of the land masses of the Seychelles.
To get new insight into the pattern of variation, structure, and demography of D. sechellia, we collected a set of 10 populations in 9 Seychelles islands thereby covering the presently described species range. We sequenced 10 loci (3 autosomal and 7 X linked) with an average of 7.5 individuals per population and genotyped an mtDNA marker. On the basis of a data set of 758 sequences, we estimated genetic diversity, investigated underlying genetic structure, and used approximate Bayesian computation (ABC) methods to test for demographic scenarios compatible with the biogeographical history of the species.
MATERIALS AND METHODS
Sample collection: Since its discovery on Cousin island, D. sechellia was further identified on the Praslin, Frégate, and Mahé islands of the Seychelles archipelago. We recently found D. sechellia on five additional granitic islands, namely, Silhouette, Cousine, Coco, Aride, La Digue, and Denis, a coralline island located 100 km north of Mahé. We collected 92 D. sechellia from 10 locations on nine islands (Figure 1 ). Upon collection, all flies were immediately preserved in absolute ethanol. Molecular analyses were performed on males only.
Molecular markers and DNA sequencing: Mitochondrial DNA: Among the D. melanogaster complex, mitochondrial DNA carries an extremely low diversity and is highly structured (Solignac 2004) . Only one mitochondrial haplotype is known for D. sechellia. To further confirm this and to test for population subdivision, we selected a target sequence (part of NADH dehydrogenase) that allows the discrimination of all the mitochondrial haplotypes among species of the melanogaster complex.
Nuclear DNA: We intended to get variation from loci combining intergenic regions, introns, and exons. We therefore sequenced 10 genic regions: 3 autosomal (amyrel, cecropin psiII, and janus-ocnus regions) and 7 X-linked loci (period, sqh, vermilion, white, otu, pgd, and zeste). The number of sequences for each locus and each population is recorded in Table 1 .
We extracted DNA from single flies using the DNAeasy tissue kit (QIAGEN). The sequences of all the primers used and detailed PCR conditions for each marker are available upon request. PCR products were purified with a QIAquick PCR purification kit (QIAGEN). In case of multiple amplifications, the fragment of expected length was isolated and purified using a Millipore DNA gel extraction column. All PCR products were directly sequenced in both directions. Particular attention was given to avoid mis-scoring singleton heterozygotes in sequence analysis. Hence heterozygotes and all the cecropin fragments were cloned using the Dual Promoter TA cloning kit with pCR II vector (Invitrogen). Several clones were subsequently sequenced to recover the different alleles and to assess true single nucleotide polymorphism. Because cloning is time consuming, we limited the number of flies (half) for autosomal loci, which, however, resulted in the same number of sequences as for X-linked loci. All of the sequencing was carried out using an ABI-3130-30 sequencer.
Population structure analyses: Genetic differentiation between pairs of populations was evaluated by pairwise fixation index F ST using Arlequin v.3.01 (Schneider et al. 2000) . Significance of F ST values was ascertained by 10,000 random permutations, and P-values were adjusted with the Bonferroni correction.
Neighbor-joining trees were performed for each marker with Mega v.3.1 (Kumar et al. 2004 ) with the pairwise deletion option and the Tamura 3-parameters distance. For each tree, 1000 bootstrap resampling was done.
To test for clustering of individuals, we used Structure v.2.2 (Pritchard et al. 2000) . The autosomal loci were excluded because we were not able to determine their gametic phases easily and because only half of the individuals were sequenced, resulting in a number of missing data. We tested for linkage disequilibrium (LD) among and within the seven X-linked loci using Fisher exact tests (data not shown). Because no significant LD was detected among loci, they were considered independent and their sequences were concatenated. Because only 1.5% of the total pairwise comparisons reveal significant intralocus LD we decided not to account for linkage following the guidelines of Structure user manual v.2.2 (Pritchard et al. 2007) .
We used the admixture model that allows mixed ancestries of individuals, and the correlated allele frequency model, given that this model is the most appropriate for closely related populations. We performed 5 independent runs for each value of K, the number of clusters, ranging from 1 to 10 with 9.10 5 iterations and a burn-in period of 50,000. To detect the number of populations that best fit our data we first looked at the log probabilities [Pr(X j K)] and associated variances for each K. Second, we used the method of Evanno et al. (2005) . Briefly, this method estimates DK, the rate of change in the log probability of data between successive K and the corresponding variance of log probabilities.
DNA polymorphism and statistical tests of neutrality: Sequences were aligned using BioEdit, v.7.0.5 (Hall 1999) . We used DNAsp v.4 to estimate standard population genetic diversity parameters: the number of polymorphic sites S, the number of mutations in external branches (singletons), the number of insertion-deletion sites (indel), the number of haplotypes K, the haplotypic diversity H d , the average number of pairwise differences p (Tajima 1983) , and the Watterson estimator u w (Watterson 1975 ) (p and u w are estimators of the population mutation parameter u). We also calculated the last two parameters on synonymous, nonsynonymous, and silent sites. In the standard neutral model u ¼ 4N e m for autosomal loci, u ¼ 3N e m for X-linked loci and u ¼ N e m for mitochondrial loci, where N e is the effective population size and m the neutral mutation rate. To test for the neutral equilibrium model, we calculated Tajima's D (Tajima 1989) called thereafter D t , Fu and Li's F (Fu and Li 1993) , and Fay and Wu's H (Fay and Wu 2000) statistics. For H, substitutions were polarized using sequences from D. simulans (whole genome data, NCBI). We also tested by coalescent simulations the confidence interval of H d with 1000 replicates, S being fixed (fixing u produced similar results). Finally, we estimated the population recombination parameter, C (Hudson 1987) , which estimates 4Nc and 3Nc, respectively, for autosomal and X-linked loci, where c is the rate of recombination per generation per base pair. All of the analyses described above excluded insertion/deletion polymorphisms.
Demographic inferences using ABC methods: To investigate further if bottlenecks associated with the geographical history of the Seychelles or with a possible man-linked introduction of Morinda have to be considered in a comprehensive evolutionary history of D. sechellia (see Introduction), we used an approximate Bayesian computation approach. The bases of the ABC method are described in Beaumont et al. (2002) . Briefly, it compares summary statistics at one locus computed on the observed data (summary statistics) to those computed at the same locus on simulated data. To account for differences in effective population size between autosomal loci (4N) and X-linked loci (3N), the observed summary statistics were multiplied by 4/3 for X-linked loci. Simulated data were obtained for each locus from coalescent simulations that include various demographic scenarios. The likelihood of a demographic scenario depends on the difference between the summary statistics computed from the simulated data in this scenario and the summary statistics computed on the observed data (weighted for X-linked loci as described above). The closer these estimates are, the higher the likelihood of a given demographic scenario. We followed the protocol described by Excoffier et al. (2005) (Figure 2 ). Coalescent simulations were performed independently for 10 loci using ms (Hudson 2002) . Input parameters (locus length, sample size) for the coalescent simulations were estimated by considering the whole data set at each locus, given that our phylogeographical analyses find no clear and consistent evidence of subdivision (see results). Figure 2.-Bottleneck tested in the simulations. N a , N b , and N p , respectively, are the ancestral, bottleneck, and present effective population sizes; T is the time of the bottleneck in unit of 4N p generations; b measures the ratio of Na over Nb and therefore the reduction of the effective population size during the bottleneck; and a is the exponential growth rate.
We simulated bottlenecks as shown in Figure 2 . At time T ¼ t/4N p , where t is the time to the bottleneck in generations, and N p is the present effective population size (population sizes were weighted for X-linked loci), the ancestral effective population size (N a ) is reduced to N b (bottle neck population size) with b ¼ N a /N b . Each bottleneck is followed by an exponential growth of rate, a ¼ (À1/T)log(N b /N p ) until present. On the basis of ecological observations during our field studies, the generation time was set to 20 generations per year. We simulated two types of bottlenecks, one occurring 300 years ago and corresponding to a putative introduction of M. citrifolia on the Seychelles, and the other occurring during the last marine transgression which ended 10,000 years ago. Within each type of bottleneck, a wide grid of scenarios was tested. N a ranged between 50 and 4 3 10 6 , N b between 50 and 2 3 10 5 and N p between 50 and 2 3 10
5
. The mutation rate per site was set to 1.5 3 10 À9 following the estimation on D. simulans (Wall et al. 2002) . This resulted in the following prior distributions for the demographic parameters: u uniform [0.018;2.4], b uniform[0.00025;800], a 300 uniform[À492;1106] for bottlenecks occurring 300 years ago and a 10,000 uniform[À15;34] for bottlenecks occurring 10,000 years ago. Because reliable estimates of the population recombination rate are difficult to obtain and may vary from one locus to another, we chose to consider it as a nuisance parameter drawn from a uniform distribution ranging from 1 to 10. Within each bottleneck type, 1 million simulations corresponding to independent drawing of parameter values in the prior distributions were performed. Note that scenarios explored include the null hypothesis of a constant population size, where
. We defined strong bottlenecks as those resulting in a reduction from N a to N b at least equal to 10. We also tested for both exponential growth (a > 0) or decline (a , 0) of population size after the bottleneck.
We computed five summary statistics on our simulated scenarios for each of the 10 loci: S, K, p, H, and D t . We then used the abcEst2 program (Excoffier, http:/ /cmpg.unibe.ch/ people/Excoffier-perso.htm), which computes Euclidian distances between the values of the observed summary statistics and the values of the simulated summary statistics. Parameters (a, b, and u) were estimated on the 1000 best scenarios by weighted linear regression.
RESULTS
Population structure analyses: We computed pairwise F ST values between the 10 populations for the 10 loci. Of these 450 pairwise comparisons (supporting information, Table S1 ), 19 were significant after Bonferroni corrections (6 in pgd and 13 in sqh; Table 2 ). Significant values involve two of the largest islands for sqh, Mahé (North Point 1 Anse Royale) and Silhouette and are more difficult to interpret for pgd. Although significant values before Bonferroni corrections often concern the North Point population, no clear pattern emerges from the F ST analysis. In addition, a lack of resolution from neighbor-joining trees was obtained both when considering concatenated sequences or individual genes (data not shown).
To further test for clustering of individuals, we performed assignment tests using Structure after concatenation of the 7 X-linked loci (Figure 3a) . Because several values of K lead to similar likelihood values, we followed the method of Evanno et al. (2005) (Figure 3b ). For K ¼ 9, the proportion of the sample assigned to each cluster is roughly symmetric, an indication that this partition is meaningless. Table S2 indicates the membership proportion of each predefined population considering K ¼ 2 or K ¼ 4. Six out of the 10 predefined populations had membership coefficients .30% for at least 2 clusters for K ¼ 4. When the number of clusters was set to 2, only 6 out of the 10 predefined populations were clearly assigned to 1 cluster (membership coefficient .80%). Note that in our study, DK values were at most $25, while usually correct K values are attributed for DK values comprised between 50 and 100 (Evanno et al. 2005; Martien et al. 2007) . In summary, Structure did not allow to infer precisely a number of clusters, none of these partitions were biologically meaningful and individuals from the same island could have several assignations. These results are consistent with low F ST values and poorly resolved NJ trees and suggest that instead of considering an erroneous population structure, it is more parsimonious to consider the species as a whole for subsequent analyzes.
Nucleotide diversity and polymorphism pattern in D. sechellia: We sequenced 446 bp of the NADH gene in 20 individuals (two per population, Table 1 ). We did not detect any variation indicating that all D. sechellia individuals share the same mtDNA type, namely the se type as described in Solignac (2004) .
A total of 15 kb were aligned over the 10 genomic regions, of which 7.8 kb were coding sequences, corresponding to a total of 758 aligned sequences (Table 3) . Our sequencing panel included 92 flies with an average of 7.5 individuals per population. Note that because a duplication of the entire region for the cecropin marker was suspected, we retained for analysis only sequences that were unambiguously assigned to the same orthologous region (a total of 34 sequences, Table  1 ). Three indels were recorded: at the end of the second exon of amyrel, generating a stop codon, in the intergenic region of the cecropin psiII and in the upstream region of sqh. They occurred in several individuals from different islands.
We identified a total of 56 segregating sites of which 9 were singletons (Table 3) . Due to the low number of polymorphic sites in some genes, we could not estimate the population recombination rate, C, for all of them (Table 3) . Neutrality tests failed to reject the neutral equilibrium model using various statistics (D t , F, and H). respectively). The H values are all positive and most are close to zero (average H ¼ 0.72). However, some results should be viewed with caution because of the low level of variability in some markers (see for example janusocnus).
The overall nucleotidic diversity of D. sechellia as estimated by p is on average 0.00065 for autosomal loci and 0.00073 for X-linked loci. Corresponding silent diversity is 0.001 and 0.0011, respectively, for autosomal and X-linked loci. Diversity estimates provided by u are similar (Table 3) . Synonymous diversity (on average 0.0018 as estimated by u and 0.0016 as estimated by p) is 1.8 to 4 times higher than nonsynonymous diversity (on average 0.001 and 0.0004 for u and p, respectively) for autosomal loci and 11 to 13.5 times higher for X-linked loci (Table 3) . Interestingly, X-linked loci exhibit both a depleted level of nonsynonymous diversity and an elevated level of synonymous diversity as compared with autosomal loci. Under the neutral model, the level of variation in autosomes is expected to be higher than in X-linked loci simply because of differences of effective population size between the two classes of loci. Note that contrasting patterns have been found among related species (Andolfatto 2001) . While our results raise an interesting issue, they remain difficult to interpret in regard with the restricted number of autosomal loci sampled and the large heterogeneity in diversity estimates they exhibit (u and p estimated at synonymous sites range from 0.000 to 0.0033 and from 0.000 to 0.003, respectively). Assuming a neutral mutation rate ranging from 10 À8 to 1.5 3 10 À9 , the effective population size estimated from silent diversity would be $100,000 individuals and no more than 200,000. These are low values for a Drosophila species and corroborate our field observations of the scarce distribution of D. sechellia in some islets.
Considering sequence variation in D. sechellia for all the markers, the most striking feature was that almost all variants were present in individuals from several islands. For example, one of the amyrel variants occurred in 24 sequences from the eight islands of the Seychelles sampled (data not shown). The number of haplotypes and the haplotypic diversity for each marker do not differ from neutral expectations, suggesting that linkage disequilibrium is weak.
Demographic inferences: Although classical analyzes of molecular evolution do not support deviation from neutral equilibrium, the effect of bottlenecks on polymorphism patterns can be complex. For instance, very recent bottlenecks generally result in a skew toward high-frequency-derived variants and a positive Tajima's D, whereas for older bottlenecks, Tajima's D will become more negative and Fay and Wu's H more positive, reflecting the occurrence of new mutations. We were interested on further investigating the demographic history of the species searching for scenarios compatible with the observed patterns of variation.
We performed coalescent simulations to test the influence of two types of bottleneck: a recent bottleneck occurring 300 years ago, mimicking a reduction of population size caused by a host shift at the time of the introduction of M. citrifolia and an old bottleneck occurring 10,000 years ago, corresponding to a reduction of population size caused by the drastic shrinkage of the Seychelles territory at the time of the sea level rise. For both bottleneck types, we performed 1 million simulations covering a broad range of scenarios. Euclidian distances between simulated values and observed values for five summary statistics obtained for the 1000 best scenarios were estimated. Overall, distances were lower for the scenarios occurring 300 years ago than for those occurring 10,000 years ago (data not shown). Posterior density curves of the three demographic parameters u, a, and b corresponding to the 1000 best scenarios are presented in Figure 4 . Values of a ¼ 0 and b ¼ 1 corresponding to the null hypothesis are indicated as well as the threshold that we defined to designate strong bottlenecks, i.e., b . 10. The modes, means, medians, and 95% confidence intervals for each distribution are summarized in Table 4 .
The posterior density curve of u for a bottleneck occurring 300 years ago rapidly reaches a plateau and steeply decreases for values .0.001, while for a bottleneck occurring 10,000 years ago, the best estimate obtained is 0.00116. Several observations can also be made regarding the demographic scenarios: first, confidence intervals for a and b include the values expected under the null hypothesis of a ¼ 0 and b ¼ 1 (Table 4) . Second, most scenarios fall far below the threshold of strong bottlenecks (Figure 4, e-f) . Third, the modes are consistent with a null-to-mild exponential growth (a 300 ¼ À10.02 and a 10,000 ¼ 3.55) and a weak decrease in population size during the bottleneck phase (b 300 ¼ 1.71 and b 10,000 ¼ 2.2). Taken together, results from our simulations tend to exclude severe bottlenecks as the cause of the low diversity of D. sechellia, and scenarios close to the null hypothesis of a constant population size receive the strongest support.
DISCUSSION
The present study provides a clear and realistic evaluation of the genetic diversity of D. sechellia at a species-wide level. On the basis of a unique data set generated from a collection of 92 individuals from nine islands, we highlighted the patterns of polymorphism observed throughout the whole species range. Previous studies showed that almost all nucleotide variations described were singletons simply because they were based on a limited number of strains Kliman et al. 2000) . Our work somewhat challenges the pessimistic view of McBride (2007) concerning the use of population genetic tools in D. sechellia. The pattern of frequency spectrum we observed sug-gests a long common history of the species as a whole. Hence, no obvious population structure was evidenced either between Silhouette and the rest of the former Seychelles Bank, which were isolated before its submersion $10,000 years ago or among the different islands of the Seychelles archipelago. In addition, our results bring new insights into D. sechellia demographic history and suggest the long-term persistence of a small effective population size.
A very low current effective population size: The overall nuclear diversity of silent sites is on average $0.001 for D. sechellia. The species is 10 to 20 times less polymorphic than any other species of the melanogaster subgroup (D. orena excluded as only known from a unique isofemale line) (Kliman et al. 2000; Lachaise et al. 2000; Lachaise and Silvain 2004; Stephan and Li 2007; M.-L. Cariou, unpublished data) . Such low genetic variation suggests a small population size. The five summary statistics (S, K, p, H, and D t ) were computed from 1 million simulations at both times (bottleneck occurring 300 or 10,000 years ago) and then compared to the observed data. The 1000 scenarios that best fit the data were kept to estimate the posterior distributions.
Indeed, we estimate the effective population size of D. sechellia to be close to 100,000, much less than the 2-6 millions estimated for its close mainland relative, D. simulans (Sawyer and Hartl 1992; Wall et al. 2002) . Among Drosophila, several lineages comprise island endemics or rare species of which only a few have been studied. Of the obscura group, the endemic D. guanche, which is restricted to some isolated gorges of the relictual Laurisilva forest of Tenerife island, showed a nucleotide variation at silent sites twice that of D. sechellia (u ¼ 0.0022 in the RpII215 region, 6.9 kb) (Perez et al. 2003) . The effective population size of the rare mainland species, D. miranda, is estimated to be in the order of 1 million (Yi et al. 2003) and roughly fivefold smaller than that of D. melanogaster (Bachtrog 2008) . For both species the difficulty of collecting them in the wild is consistent with a current low population size (A. Gonzales, unpublished data; Yi et al. 2003) . Estimates of a million have been given for two species of the virilis group, D. ezoana and D. littoralis, which however have higher levels of polymorphism, 1.2-1.3% (Vieira 2002) . D. sechellia appears unique among Drosophila in the sense that it harbors the lowest genetic diversity and the smallest population size so far recorded.
Rates of substitutions at synonymous and nonsynonymous sites in D. sechellia are comparable to what is observed in D. melanogaster (Bierne and Eyre-Walker 2006; Bachtrog 2008) . In that way, the pattern of variability in D. sechellia does not seem to agree with Woolfit and Bromham's (2005) conclusion that island lineages have significantly higher ratios of nonsynonymous-to-synonymous substitution rates than mainland lineages. A low effective population size would reduce the strength of purifying selection resulting in an increase in the rate of fixation of slightly deleterious amino acid mutations. Indeed Kliman et al. (2000) reported that genes from D. sechellia have accumulated mutations at a rate that is $50% higher than the same genes from D. simulans. They also described a significant excess of unpreferred codon substitutions at synonymous sites. The recent survey of 136 olfactory and gustative receptor genes in D. sechellia has revealed an increase in gene loss due to a high rate of lack-offunction mutations (Mcbride 2007) . D. sechellia is also the only species showing deletions that cause genes that are highly conserved among species of the melanogaster subgroup and Drosophila in general to be nonfunctional, like Amyrel (see results; Da Lage et al. 2007) and Amy (Shibata and Yamazaki 1995) . All these observations are consistent with a stronger effect of genetic drift in a historically small-sized population of D. sechellia.
The demographic history of D. sechellia: On the basis of three nuclear genes polymorphism, Hey and Kliman (1993) pointed out that they were not able to distinguish between a scenario involving a recent population bottleneck and a scenario in which the population size of D. sechellia had been restricted since the species' formation. Later, Kliman et al. (2000) used a standard population genetic approach and proposed that D. sechellia has carried a low persistent population size since its origin. These authors, however, did not test alternative scenarios. In the present study, we combined a large population sample and the recent ABC methods to test for demographic scenarios compatible with the biogeographical history of the species and cover a wide range of bottleneck conditions. Our results exclude severe bottlenecks and support the idea that D. sechellia is an island-endemic species that has always carried a low effective population size. Simulation results are consistent with the low number of singletons and the pattern of polymorphism across the species range, as well as the elevated substitution rate described by Kliman et al. (2000) for this species compared to its close relatives, D. simulans (mainland) and D. mauritiana (island). Interestingly, the two island endemics, D. sechellia and D. mauritiana, have contrasted evolutionary histories. D. mauritiana is a generalist species (David et al. 1989) , which has a large population size and has probably experienced a recent expansion (Kliman et al. 2000) , while D. sechellia is highly specialized with a small population size. Lachaise and Silvain (2004) proposed that D. sechellia could have shifted recently from a primary host to M. citrifolia, according to their hypothesis of an introduction of Morinda by man that may be as recent as 300 years ago. The present results tend to contradict this hypothesis. First, our fieldwork shows that D. sechellia is found exclusively on Morinda all over its species range and all over the year. Second, our simulations are not consistent with demographic variations due to a recent shift but support an ancient specialization putatively associated with D. sechellia speciation.
How to explain such a low persistent population size? Because of their small geographical range, island endemics are generally thought to have small effective population size. However, among the melanogaster subgroup, the island endemic species exhibit a large range of genetic diversity, D. sechellia being consistently the least variable for autosomal and X-linked loci. Thus, being confined to a restricted area may not be a factor that fully explains the extremely low polymorphism level found in D. sechellia. In this study, we also excluded demographic factors.
Life-history traits may result in a small effective population size with a loss of genetic variability over a long evolutionary period (Frankham et al. 2002) . D. sechellia has a reduced number of ovarioles, lower female egg production, and low reproductive capacity compared to its close relatives D. mauritiana and D. simulans (R'kha et al. 1997) . Such features may account for the reduced population size observed and the resulting depleted level of variability in D. sechellia. Moreover, oogenesis is stimulated by Morinda in D. sechellia, but inhibited in its mainland relative D. simulans. Morinda is clearly an oviposition attractant for D. sechellia but a repellent for D. simulans (R'kha et al. 1991; Amlou et al. 1998) indicating the specificity and the importance of this trait. We suggest that the small effective population size of D. sechellia results from a trade-off between lifetrait performances and the use of a highly predictable resource (M. citrifolia) at all stages of development, from eggs to adults. Not only does M. citrifolia bear fruit throughout the year, but the fruit is toxic for most, if not all other Drosophila species. M. citrifolia therefore constitutes a unique habitat for D. sechellia, which is resistant to the toxic effects of the fruit ( Jones 1998 ( Jones , 2005 . We suggest that low population size, the cost of low fecundity, may be balanced by the benefit of being less affected by demographic hazards. Interestingly, Milot et al. (2007) recently showed that albatrosses have not suffered greatly from their long impoverished diversity because of a conjunction of particular life-history traits and population history. We suggest that D. sechellia has evolved a similar survival strategy that may explain its historically low effective population size. Values for amyrel (above diagonal) and cecropin (below diagonal)
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